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SUMMARY 
Heat-transfer measurements were obtained on a flat plate and 17' ramp (both with 
and without longitudinal stringers) and attached protuberance models. 
conducted at the specified free-stream Mach numbers at a Reynolds number per foot of 
3.0 X lo6 (Reynolds number per meter of 9.83 X lo6) in a 6.0-inch-thick (0.152 meter) 
boundary layer. The models consisted of seven general protuberances and three specific 
shapes. 
The tests were 
The magnitude of heat-transfer measurements obtained on the stringer plate was 
less than that obtained on the clean plate. 
High heating rates were obtained in a large area upstream of the bluff protuber- 
ance; however, for the more streamlined configurations the heating rates in the nose 
regions were relatively much lower. 
Maximum heating rates obtained on the stringer plate in the model wakes were 
approximately 139 percent greater than the values for the clean stringer plate. No sig- 
nificant effect on the plate heating rates in the model wakes was observed as a result of 
placing a 17' ramp downstream of the model afterbody, except when the ramp leading 
edge was within approximately 16 inches (0.406 meter) of the model centerbody-afterbody 
juncture. Wake heating rates were correlated for the general protuberances by plotting 
the heat-transfer coefficients as a function of the plate surface length from the model 
centerbody -afterbody juncture. 
The heating rates obtained on the 17' ramp in the wakes of all models, except one, 
were approximately the same as those obtained on the 17' ramp for the clean stringer 
plate. The 17' ramp caused no noticeable effects on the model heating rates; this result  
was in agreement with results obtained from previous investigations. 
INTRODUCTION 
The capability of both existing and proposed launch vehicles for obtaining hyper- 
sonic flight speeds within the earth's atmosphere necessitates an accurate determination 
of the aerodynamic heating over the external skin. Although the magnitudes of these 
heating ra tes  are much l e s s  than those occurring for reentry environments, they a re  
large enough in some regions of the vehicle to require the addition of heat insulation 
material in order to keep the skin temperature within acceptable limits. Since the addi- 
tion of this heat insulation material detracts from the potential payload of the vehicle, it 
is desirable that the heating distribution be known as accurately as possible. 
Areas of potentially high heating on the Saturn V launch vehicle consist of the inter- 
ference regions created by protuberances on the vehicle external surface. Unfortunately, 
the flow field in such regions does not readily lend itself to analytical treatment and, 
therefore, recourse must be made to experimental methods. 
Numerous experimental investigations have been conducted to determine the aero- 
dynamic heating in  these regions for  both general and specific shapes (e.g., refs. 1 to 5); 
however, this information was not considered sufficient for Saturn V design purposes 
partly because of the longitudinal stiffeners on the S-IVB surface and the various f lares  
between stages. In order to provide the necessary design information for Saturn V, tes ts  
were conducted in  the Langley Unitary Plan wind tunnel with models of the Saturn V pro- 
tuberances mounted on the tunnel sidewall. Longitudinal stringers were attached to the 
tunnel sidewall to simulate the S-IVB stiffeners. 
without a 17' ramp, simulating the S-IVB flare, mounted on the sting support adjacent to 
the tunnel aft of the protuberance. 
Tests were conducted both with and 
Heat-transfer measurements were obtained on a total of 10 protuberance models 
and on the flat-plate and ramp surfaces at Mach numbers of 2.49, 3.51, and 4.44 and at a 
Reynolds number per foot of 3.0 X 10 (Reynolds number per meter of 9.83 X lo6) in a 
6.0-inch-thick (0.152 meter) boundary layer. 
this report from the U.S. Customary System to the International System (SI) a r e  given 
in ref. 6.) 
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(Factors for converting the units used in 
SYMBOLS 
local skin thickness 
specific heat of model skin 


















coefficient of thermal conductivity 




measured wall  temperature at steady-state conditions 
stagnation temperature 
wall temperature 
adiabatic wal l  temperature 
surface distance along flat-plate longitudinal axis, measured from model attach 
point 
surface distance along model longitudinal axis, measured from model attach 
point (see fig. 18) 
surface distance along ramp longitudinal axis, measured from ramp leading edge 
surface distance along flat-plate longitudinal axis, measured from model after - 
body shoulder to ramp leading edge 
surface distance along flat-plate longitudinal axis, measured from model after- 
body shoulder 
surface distance perpendicular to longitudinal axis of flat plate o r  ramp 




density of model skin 
Subscripts: 
0,1,2,. . .,n time sequence 
Configuration component designations: 
M protuberance model (subscript with M refers  to  model number) 
flat plate without stringers 
flat plate with stringers 




ramp with stringers R2 
The component composition of the various configurations is given in table I. 
APPARATUS 
Wind Tunnel 
The investigation was conducted in the high Mach number test section of the Langley 
Unitary Plan wind tunnel, described in reference 7.  This variable -pressure, continuous- 
flow tunnel has an asymmetrical sliding-block nozzle that permits a continuous variation 
in the test-section Mach number from 2.30 to 4.65. The maximum deviation in Mach 
number over the 4- by 4-ft (1.219 by 1.219 m) test  section through the range of tests 
is &0.05. 
Models 
Flat plate.- Heat-transfer measurements were obtained at M = 2.49, 3.51, and 
4.44 on a flat-plate test surface both with and without attached protuberance models and 
a 17' ramp. In order to utilize the 6.0-in. (0.152-m) boundary-layer thickness on the 
tunnel sidewall, the test  plate was mounted on the access door of the test  section flush 
with the sidewall. The relative location of these components is illustrated in figure 1. 
The flat-plate test  surface was constructed of 0.05-in-thick (0.00127 m) 310 stain- 
less steel and was insulated from the support structure by a 0.375-in-thick (0.00952 m) 
hexagonal fiber-glass honeycomb, as shown in the following sketch: 
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Filler plate 
Honeycomb - Test surface 
Sketch 1 
The honeycomb w a s  bonded to a 0.125-in-thick (0.00318 m) stainless-steel filler plate, 
which was cut into 8-in-square (0.203 m) segments to alleviate thermal s t resses .  The 
test  surface, honeycomb, and filler plate assembly were attached to the backing plate with 
a ser ies  of buttons (see sketch l), one button being inserted through each of the 8-in- 
square (0.203 m) filler plate segments. The dimensions of the test  surface were 
60.00 in. (1.524 m) by 40.75 in. (1.035 m) with the model attach point located on the plate 
center line 32.00 in. (0.813 m) downstream of the plate leading edge. 
For part of the test  program, 20 s t r ips  of phenolic fiber glass, which are  hence- 
These stringers were 0.50 in. (0.0127 m) square in 
forth called stringers, were installed longitudinally to the test plate to simulate the 
external stiffeners of the S-IVB. 
c ross  section and extended approximately the entire length of the plate surface. The 
leading and trailing faces of the stringers were at an angle of 30' with the plate surface. 
The test  plate was  instrumented with thermocouples at 123 locations and the stringers at 
9 locations, as shown in figure 2. The thermocouple coordinates a re  listed in table 11. 
Ramp.- The ramp, consisting of a 17' wedge simulating the interstages between 
S-IVB and S-I1 of the Saturn V vehicle, had a base height of 6.0 in. (0.152 m), length of 
20.54 in. (0.522 m), and width of 36.0 in. (0.914 m). The internal construction'of the 
ramp w a s  identical to that of the tes t  plate. Sixteen phenolic fiber-glass stringers having 
the same cross-sectional area and transverse locations as the 16 center stringers on the 
flat plate were installed on the ramp. The edge of the 30' beveled face of the stringers 
was approximately 1 in. (0.0254 m) downstream of the ramp leading edge. The ramp was 
mounted on the tunnel sting support to allow its removal from the test  position without a 
tunnel shutdown. The test surface of the ramp was  instrumented with thermocouples at 
36 locations including 8 locations on the stringers. The thermocouple locations are shown 
in figure 3 and the coordinates are given in table II. 
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Protuberance models. - Ten protuberance models were tested; seven were con- 
sidered to represent general protuberance shapes and three were specific Saturn protu- 
berances. The general protuberance models consisted of half-cones attached to  wedge- 
shape bases for the forebodies and afterbodies and of half-cylinders attached to 
rectangular-shape bases for the centerbodies. (See fig. 4.) The relative sizes and 
shapes of the general models are shown in figure 5. Photographs and dimensions of the 
models mounted on the flat-plate test surface are shown in figure 6. 
The three specific Saturn configurations tested were the S-IVB auxiliary propulsion 
system (APS), the S-I1 separation splice, and the circumferential rings. The APS model 
(model 8, fig. 6(j)) was 33.4 in. (0.848 m) in length, 17.7 in. (0.450 m) in width, and 
9.75 in. (0.248 m) in height. 
plate surface, and the r ea r  face formed an 82' angle. 
The front face of the model formed a 30' angle with the 
The separation splice (model 9, fig. 6(k)) was  5.07 in. (0.129 m) in length, 
5.5 in. (0.140 m) in width, and 0.63 in. (0.016 m) in height (maximum). The leading and 
trailing faces of the model formed 14' angles with the plate surface, and the sides of the 
model were fitted against the second stringer from the center line of the plate, with the 
first stringers on either side of the center line intersecting the splice. 
The circumferential rings simulated by transverse spacers (model 10, fig. 6(1)) 
consisted of 10 phenolic fiber-glass s t r ips  with 0.50-in-square (0.0127 m) c ross  sec- 
tions mounted on the plate surface perpendicular to the longitudinal stringers. Eight 
rings were located at a longitudinal distance of 9.50 in. (0.241 m) from the leading edge 
of the tes t  plate, one ring at 16.25 in. (0.413 m), and another at 20.25 in. (0.514 m). 
All models, excluding model 10, were constructed of 0.040-in-thick (0.00102 m) 
nickel electroformed shells with thick phenolic bases for insulation purposes. The 
thermocouple locations on the models a re  shown in figure 6 and listed in table 11. 
In st r ument at ion 
The thermocouple instrumentation for all models consisted of 24-gage iron- 
constantan wire potted with pure tin in 0.03-in-diameter (0.000762 m) holes, as shown in 
the following sketch: 
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The thermocouple outputs were amplified, digitized, and magnetically recorded by 
a high-speed analog-to-digital data recording system. Although this system can obtain 
up to 40 samples a second, the outputs for this test were recorded only every 1/2 sec 
for  45 sec. 
The tunnel free-stream static and stagnation pressures  were measured on preci- 
sion mercury manometers. The test-section stagnation temperature was measured with 
probes attached to the tunnel sidewall opposite the flat-plate surface. 
TEST CONDITIONS 
The tests were conducted at Mach numbers of 2.49, 3.51, and 4.44 and at a Reynolds 
number per  foot of 3.0 X lo6 (Reynolds number per meter of 9.83 X lo6). During the data 
recording, the tunnel stagnation temperature was held constant at approximately 260' F 
(400° K). 
DATA REDUCTION 
Method of Heat-Transfer Data Reduction 
Heat-transfer coefficients were obtained from measurements of transient skin 
temperatures resulting from a stepwise increase in stagnation temperature as discussed 
in reference 8. The following equation was used: 
dTW pbc - 
dt h =  
T - Tw e 
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This simplified form of the heat-balance equation was obtained by assuming constant 
temperature through the model skin, negligible lateral heat flow, negligible heat flow to 
the model interior, and no heat losses  through radiation. This equation can be rearranged 
and written in the following form for complete machine calculation: 
sJon Tt dt - Jon Tw dt 
Tt 
The value of Te/Tt is experimentally determined prior to the temperature step and is 
assumed to  be invariant with time. The integrals are evaluated over increments of time 
of 1/2 sec by use of the trapezoidal rule as follows: 
. * + Tn-1) 
The heat -transf e r  coefficients corrected for lateral  conduction, where sufficient 
instrumentation permitted (longitudinally along the flat-plate center line), a r e  determined 
from the following relation: 
h =  \ I 
51" Tt dt - lon Tw dt 
Tt  0 
The second partial derivatives of temperature with respect to surface length are evalu- 
ated from temperature measurements at adjacent thermocouples. The corrected heat- 
transfer coefficients are not included herein since they were compared with the uncor- 
rected coefficients and the difference w a s  insignificant compared with the magnitudes of 
the coefficients. 
Values of Te/Tt, Tw, h, and h h( 1 obtained at each Mach number a r e  pre- I 
sented in tables III to Vfo r  the configurations tested. 
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Accuracy 
The accuracy of the temperature measurements including recorder resolution, 
thermocouple-wire calibration, and cold junctions is do F (i-1.1lo K); however, this 
e r r o r  occurs in  temperature level rather than temperature fluctuations. An estimation 
of the accuracy of heat-transfer measurements in the Langley Unitary Plan wind tunnel 
has been determined by the repeatability of the data in the tes ts  discussed in reference 9. 
The accuracy is dependent on the magnitude of the heat-transfer coefficient. For 
within 15 percent, and for 
h > 0.015 Btu (306 
ft2-sec -OR 
0.001 < h < 0.015 -- Btu (20 < h < 306 -- 
f t 2  - sec - OR 
h < 0.001 Btu (20 ) within 20 percent. 
f t  -sec-OR m -sec-OK 
the accuracy is within 10 percent, for 
m -sec-OK 
Tests have been conducted utilizing a radiant heat source to estimate losses due to 
heat conduction from the flat-plate test surface to both the fiber-glass-laminate honey- 
comb and the glue line and tape bonding the stainless steel to the honeycomb. 
ref.  1.) The maximum heat loss  amounted to approximately 23 percent of the radiant 
he at input. 
(See 
RESULTS AND DISCUSSION 
The measured heating rates  obtained on the center line of the flat plate, with no 
models or  stringers attached, a re  compared in figure 7 with theoretical estimates and 
with data from reference 1. These reference data were obtained along the center line of 
a flat-plate test  surface installed at the same location on the tunnel sidewall and in the 
same facility as the current tests. The theoretical flat-plate estimates, calculated from 
reference 10, a re  based on the free-stream conditions of the current tes ts  and a boundary- 
layer origin occurring at a point calculated by the method of reference 11 for  the respec- 
tive Mach numbers and a boundary-layer thickness of 6 in. (0.152 m). It should be noted 
that the method of reference 11 is based on adiabatic wall  conditions, whereas a "cold 
wall'' condition existed for the current tests. However, it is believed that due to the 
small  degree of cooling in the present tes ts  the minimum value of Tw/Taw being 
approximately 0.86 , the overall e r r o r  in the heating rate resulting from a small e r r o r  
in the characteristic length of the boundary-layer growth will be negligible. Data from 
the reference tests are generally in good agreement with those of the current tes ts  at 
Mach numbers of 3.51 and 4.44, although both se t s  of data f a l l  considerably below the 
theoretical values throughout the Mach number range. 
( 1 
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A possible source of e r r o r  in  the experimental measurements could have been the 
heat loss  to the plate-supporting material; however, a 23-percent heat loss  was  con- 
sidered to be the maximum from preliminary estimates, an amount which does not 
account for the discrepancy between theory and experiment. An attempt was  made to 
minimize the effect of this internal heat loss by either presenting the results of the pro- 
tuberance effects on the flat-plate heating ra tes  in ratio form or  discussing relative 
magnitudes. 
Effect of Stringers on Flat-Plate Heating Distribution 
Since a large part  of the test  program was  conducted with the longitudinal stringers 
attached to the flat plate simulating the S-IVB surface, it w a s  necessary to determine the 
stiffener effect on the plate heating distribution before assessing the protuberance effects. 
Presented in figure 8 for the three test  Mach numbers a re  the heating distributions 
obtained on the plate both with (configuration 7) and without (configuration 1) stringers. 
The effect of the stringers is an overall decrease in the plate heating distribution at all 
Mach numbers. This trend is generally the same as that obtained in the valley of a cor- 
rugated panel in previous tests, the results of which a r e  reported in reference 1. It is 
believed that this decrease in heating is due to a decrease in the local shearing s t ress  
associated with the momentum defect imposed by the stringers. At x = 12 in. (0.305 m), 
12.6-, 27.1-, and 40.6-percent decreases (approx.) in heating occur at Mach numbers of 
2.49, 3.51, and 4.44, respectively; at x = 20 in. (0.508 m), 14.0-, 35.8-, and 44.0-percent 
decreases (approx.) in heating occur at the respective test  Mach numbers. In general, 
the percent decrease in heating increases with either an increasing distance x or  an 
increasing Mach number. 
Effect of Protuberances on Flat-Plate Heating Distribution 
The effect of protuberance-model geometry on the flat-plate heating distribution at 
the test Mach numbers is shown in figure 9. The values presented in this figure are the 
ratios of the heat-transfer coefficients obtained on the stringer plate with the models 
attached to the heat-transfer coefficients obtained on the stringer plate alone. Also 
shown in figure 9 a r e  two-dimensional shock waves and expansion fans that would occur 
at free-stream conditions on a two-dimensional body having cross  sections the same as 
the wedge-rectangular sections of the general protuberance models. The shock waves 
and expansion fans a re  presented to provide a comparison between the actual interference 
region created by the model and a nonviscous region affected by a two-dimensional model. 
The heating distributions obtained on the plate with models 3, 4 reversed, and 5 are 
presented in figure 9(a) for M = 2.49. 
included angles, the interference region, indicated by the increase in measured heating 
For model 5 which has 15' forebody and afterbody 
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rates, is confined to a region downstream of the model apex. The increase in heating 
initially occurs slightly upstream of the two-dimensional shock wave calculated for  the 
model nose because of the lower Mach numbers within the boundary layer and the propa- 
gation of the pressures  within the subsonic portion of the boundary layer. In general, 
the heating distribution consists of an increase in  heating downstream of the nose-shock 
location, extending to  the expansion fan originating at the forebody - afterbody juncture 
where a decrease in heating occurs. A second increase in the heating is obtained down- 
s t ream of the model afterbody; the magnitude of this heating is greater than that in the 
vicinity of the model nose. The maximum increase in heating in the model wake occur- 
ring immediately downstream of the model afterbody is approximately 77 percent greater 
than the heating on the plate alone; the maximum heating in the region of the model nose 
is 40 percent greater. 
The effect of model 3 on the stringer-plate heating distribution is similar to  the 
effect of model 5. 
model nose, this confinement indicating little flow separation upstream of the model. 
Increases in heating a re  again obtained on the plate surface in the model wake, the maxi- 
mum heating being approximately 139 percent greater than that on the stringer plate 
alone; the maximum heating in the region of the model nose is 73 percent greater. 
The large heating rates obtained on the stringer plate with model 4 reversed 
clearly indicate the presence of forced separation occurring in the upstream vicinity of 
the model nose. 
imately 15 in. (0.381 m) with the maximum measured heating rate being 4.26 t imes the 
undisturbed plate value and occurring approximately 1 in. (0.025 m) upstream of the 
model. The heating rates obtained in the model wake are small compared with the large 
heating rates obtained in the separated nose region; however, they are greater than those 
for the plate alone, the maximum value being approximately 1.54 t imes the flat-plate 
value. 
The interference effects are confined to  a region downstream of the 
The interference region created by the model extends upstream approx- 
The trends in the plate heating distributions for  models 5, 3, and 4 reversed at 
M = 3.51 and 4.44 shown in figures 9(b) and 9(c), respectively, are generally the same 
as those at M = 2.49. 
In the regions of flow interference other than the wake (excluding model 4 reversed), 
the trends of the measured heating rates are believed to  be due primarily to variations 
in the local flow properties produced by shock waves and expansion fans, as indicated in 
figure 9. The increase in heating in the model wake, however, is believed to be asso- 
ciated with the model promoting forced mixing within the plate boundary layer. This 
turbulence causes the slower air near the plate to mix with the faster fluid farther out. 
Therefore, the velocity gradient at the plate surface would increase, with a resulting 
increase in the shearing stress and heat transfer. This reasoning is substantiated to  
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some extent by the forced mixing obtained by relatively simple geometry protuberances 
as discussed in reference 12. If this forced mixing does occur in the model wake, then 
any flow effects produced by adverse pressure gradients downstream of the model would 
be expected to be delayed because the higher momentum air in  the vicinity of the plate 
surface is able to negotiate a larger turning angle. 
The upstream influence of the 17' ramp (indicated by s, the surface distance 
upstream of the ramp leading edge) is shown in sketch 3. The distances were determined 
by comparing the heating rates obtained on configurations 17 P2 + R2) and 21 
(P2 + R2 + M3) with those obtained on configurations 7 P2) and 17 (P2 + R2). The 
delay in the ramp effect on the plate heating rates  in the wake of model 3, as indicated in 
sketch 3, occurs for all the test Mach numbers. 
( 
( 
The effect of model geometry on the stringer-plate heating rates  measured in the 
model wake is presented in figure 10 for the three test  Mach numbers. Also shown in 
the figure for comparison purposes a re  average plate heating rates for  0 < x S 27 in. 
(0.686 m) (y = 0) obtained on the stringer plate alone for the respective Mach numbers. 
The heat-transfer coefficients h of models 1, 2 reversed, 3, 4 reversed, and 5 are 
plotted as a function of the plate surface length downstream of the centerbody-afterbody 
junctures of the models (x'). This origin for the x' coordinate was selected since the 
flow experiences a small, localized separation at this point for all models and is believed 
to  be the point at which the forced mixing is initiated. At a free-stream Mach number 
of 2.49 (fig. lO(a)), maximum heating rates  were obtained in the wake of model 3; however, 
the minimum rates  which were obtained for model 1 were only approximately 30 percent 
less than those obtained for model 3 within the same range of x', 18 < x' < 28 inches 
(0.457 < x' < 0.711 meter). For the remaining models no clear trend is indicated in the 




Heating rates  obtained on the stringer plate in the wakes of these same models are 
presented in figure 1O(b) for  a free-stream Mach number of 3.51. A general decrease in 
the magnitudes of the heating rates  occurs as the free-stream Mach number increases 
from 2.49 to 4.44. As was determined at M = 2.49, at M = 3.51 no explicit trend is 
evident in the heating-rate variation with model geometry. Further, the relative magni- 
tudes of the results obtained for the various models at M = 3.51 are not consistent with 
those obtained at M = 2.49. For M = 3.51, the range of the magnitudes of the wake 
heating rates  for 18 < x' < 28 inches (0.457 < x' < 0.711 meter) deviated approximately 
rt25 percent from an average distribution that is roughly 60 percent greater than the 
average stringer-plate value within this same range of x'. This increase can be com- 
pared with the approximate 50-percent average wake increase at M = 2.49. The results 
obtained at M = 4.44 (fig. lO(c)) show a further decrease in the magnitudes of the wake 
heating rates  with an increase in Mach number; however, the average of these values for 
18 < x' < 28 inches (0.457 < x' < 0.711 meter) is approximately 70 percent greater than 
the average stringer -plate value within the same range of x' . 
Heating distributions obtained in the wakes of the one-half, one, and double scale 
versions of model 3 are  presented in figure 11 for the three tes t  Mach numbers. How- 
ever, the effect shown in figure 11 is not a t rue scale effect but a model size effect, 
since the boundary-layer thickness remained approximately constant and the stringer 
size and spacing were constant. Also shown in the figure for comparison purposes a re  
the average stringer-plate heating rates  obtained downstream of the model attach point 
for each Mach number. In general, considering the previously mentioned limitation of 
the true scale effect, a fair correlation of the experimental heat-transfer coefficients 
was  obtained for the test  Mach numbers from the ratio of x' 
Results at free-stream Mach numbers of 2.49 and 3.51 were obtained and included in 
table IV for the scale models mounted on the clean plate. With the exception of model 7 
at M = 2.49, the magnitudes of the wake heating rates relative to  the clean plate heating 
rates  a re  approximately the same as those shown in figure 11 for the same locations. 
For the clean plate tests, the values in the wake of model 7 at M = 2.49 are even greater 
than those obtained on model 3. There is no apparent explanation for this indicative 
stringer effect. The results obtained with the clean plate also indicate a slight increase 
in heating with an increase in model scale at M = 2.49 and 3.51. 
to the model scale. 
Heating Distributions on Stringer Plate and Ramp 
The heating distributions obtained along the center line of the stringer plate and 
ramp configuration a r e  presented in ratio form in figure 12 for the test Mach numbers. 
The ratios presented for x < 25.5 inches (0.648 meter) a r e  the heat-transfer coefficients 
obtained for configuration 17 divided by those obtained for configuration 7 at comparable 
locations. The ratios presented for the ramp (x > 25.5 inches (x > 0.648 meter)) are the 
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heat-transfer coefficients obtained on the ramp divided by the average heat-transfer 
coefficient obtained on the center line of the stringer plate alone (0 < x < 23 inches 
(0 < x < 0.584 meter)) at the corresponding Mach numbers. Also shown in figure 12 are 
theoretical ramp heating rates divided by the theoretical flat-plate values (calculated 
from ref. 10) immediately upstream of the ramp. The theoretical flat-plate distributions 
for the ramp are based on local conditions from oblique shock theory and a characteristic 
length determined for a boundary-layer thickness of 6 inches (0.152 meter). The effect 
of the ramp on the stringer-plate heating distribution is confined to  the region from 
approximately 5 inches (0.127 meter) upstream of the ramp leading edge at M = 2.49 
to approximately 3 inches (0.0762 meter) upstream at M = 4.44. The latter distance is 
more clearly defined by comparing the magnitudes of the heating ra tes  for  the two con- 
figurations rather than a ratio of the two as presented in figure 12. In general, the theo- 
retical estimates on the ramp are  considerably lower than the measured data, the differ- 
ence increasing for increasing Mach number. It should be noted, however, that although 
the experimental increase in heating on the ramp is greater than the increase predicted 
by theory, the magnitude of these heating ra tes  is actually less than theory. 
Effect of Ramp on Heating Distribution of 
Stringer Plate With Protuberances 
Shown in figure 13 are the effects of the 17' ramp on the stringer-plate heating 
distributions obtained with models 1, 2 reversed, and 3, which were the only models 
tested both with and without the ramp. Results a r e  given for y = 0, y = 4 inches 
(0.102 meter), and y = 10 inches (0.254 meter) at the three test  Mach numbers. The 
ramp effect is presented in t e rms  of the ratio of the heating rates  on the plate with the 
ramp in position to those on the plate without the ramp as a function of the surface 
length x. These results show that for the three models the effect of the ramp at these 
values of y is confined within the region shown in figure 12 and extends, at most, 
approximately 6 inches (0.152 meter) upstream of the ramp. It appears, as discussed 
subsequently, that a more extensive ramp effect is obtained with other models. 
The heating ra tes  obtained on the stringer plate in the wakes of all the general 
models tested with the ramp are  shown in figure 14 for the three test Mach numbers. 
Also shown in the figure for  comparison purposes a re  the heating ra tes  obtained on the 
stringer plate alone (configuration 7) and those obtained on the stringer plate in the wakes 
of the models without the ramp. The wake heating rates  obtained for  models 1, 
2 reversed, and 3 f a l l  within the data scatter obtained for  these same models without the 
ramp, with the exception of the heating rates in the region occurring at the ramp leading 
edge. The measured wake heating rates for models 4 and 2 fall considerably below the 
range of values obtained for  the other models and, in fact, for some conditions a re  lower 
14 
than those values obtained on the stringer plate alone. 
tances from the model centerbody-afterbody juncture to the ramp leading edge 
smaller than for the other models. It is believed that the reduced heating ra tes  for 
these two models, relative to those obtained for  model 3 within the same range of x', 
are associated with the flow not reattaching in this region because of the adverse pres-  
sure gradient produced by the ramp being in proximity to- the model afterbody region. 
For these two models, the dis- 
xs are 
Effect of Model Wakes on Ramp Heating Distribution 
Shown in figure 15 a r e  the effects of the wakes of models 1, 2, 3, 4, and 2 reversed 
(same models as in figs. 14) on the heating rates obtained on the ramp center line. The 
abscissa is simply the surface length from the ramp leading edge, rather than the surface 
length from the model centerbody-afterbody juncture as used in figure 14. This surface 
length w a s  selected for figure 15 in order to make a direct  comparison between the mag- 
nitudes of the heating rates  obtained in the wakes of the various models with those 
obtained for the stringer plate alone (configuration 17). As shown in this figure, the 
wake effect of model 3 on the ramp center line consists of an increase in heating similar 
to those increases obtained in the model wakes on the stringer plate. In general, the 
heating rates  obtained in the wakes of the remaining models, downstream of the ramp 
leading edge, a re  either approximately equal (within data accuracy) or  less than the ramp 
values obtained with the stringer plate alone. 
ramp a re  lower than those on the ramp with the stringer plate alone. The maximum 
heating rates  obtained on the ramp aft of model 3 were roughly 1.7, 1.6, and 1.4 t imes 
the ramp values for the stringer plate and ramp alone for Mach numbers 2.49, 3.51, and 
4.44, respectively. 
For xs 6 16 in., the heating rates on the 
The heating rates  presented in figure 15 are replotted in figure 16 on the basis of 
the surface distance correlation parameter x', which has been used previously in fig- 
ures  10 and 14. Using this surface length results in a better correlation of the ramp 
center-line values for all models except model 3. The values for this model are again 
consistently higher at each test Mach number. At the present time, there is no known 
explanation for this difference in the level of heating between model 3 and the other 
models. 
Model Heating Rates 
Heating rates obtained on the surfaces of models 1, 2 reversed, and 4 reversed 
are presented in figure 17 for a Mach number of 2.49. In general, the variation of the 
magnitude of heating for the various components of each of the three models is as would 
be expected -that is, large heating rates on the nose, a decrease in heating on the center- 
body, and a further decrease on the afterbody. Also, a trend is noted in the heating rates 
15 
for each of the three models: an increase in heating with an increase in distance from 
the model base or plate surface. 
The effect of forebody geometry on the heating rates along the model center line 
is shown in figure 18 for  models 1, 2 reversed, and 4 reversed for the test  Mach numbers. 
These three models have identical centerbody dimensions and afterbody angles but have 
forebody angles of 15O, 30°, and 90'. For the test Mach numbers, the forebody heating 
rates increase with increasing forebody angle to a maximum value adjacent to the 
forebody-centerbody juncture. The heating rates on the models decrease with increasing 
Mach number, as expected, and the relative magnitudes for the three Mach numbers are 
generally consistent over the model surface. 
The surface heating rates obtained on models 1, 2 reversed, and 3, tested with and 
without the ramp, at the test Mach numbers a r e  shown in figure 19. There appears to  be 
no significant effect due to the presence of the ramp, since all variations in the magnitude 
of the heating rates on the afterbodies are well within the accuracy of the data. 
CONCLUSIONS 
From heat-transfer measurements obtained on a flat-plate surface in the proximity 
of several protuberance configurations at free-stream Mach numbers of 2.49, 3.51, and 
4.44, the following conclusions a re  derived: 
(1) The magnitude of heat-transfer measurements obtained on the flat-plate surface 
with longitudinal stringers w a s  less than that obtained on the clean plate. 
(2) The heating distributions obtained on the stringer-plate assembly within the 
nose interference regions created by a ser ies  of protuberance configurations were con- 
sistent with trends from the results of previous investigations. These trends consisted 
of high heating rates covering large a reas  upstream of bluff protuberances and relatively 
lower heating rates covering small areas in the nose region of the more streamlined 
configurations. 
(3) Heating rates obtained on the stringer plate in the protuberance wakes were 
greater than those obtained for  the clean stringer plate. The maximum increase 
resulting from the protuberance wakes was approximately 139 percent greater than the 
clean stringer -plate value. 
(4) No trend in the effect of model geometry on the protuberance wake heating rates  
was observed fo r  the test range of variables. Fair correlation of the wake heating rates 
was obtained for all general models including three scale models with ratios 1/2, 1, 
and 2, when the local heat-transfer coefficients were plotted as a function of the plate 
surface length from the model centerbody-afterbody juncture. 
16 
(5) There w a s  no significant effect on the plate heating rates in the model wakes as 
a result of placing a 17' ramp downstream of the model afterbody, except when the ramp 
was located less than o r  equal to  16 inches (0.406 meter) from the model centerbody- 
afterbody juncture. For these leading-edge locations the adverse pressure gradient 
created by the ramp apparently produces flow separation in the model wake resulting in 
a reduction in the local heating rates. 
(6) The effect of the protuberance wake on the flat-plate surface was an increase 
in heating and only occurred for one model on the ramp surface. The magnitudes of the 
heating rates  obtained on the ramp in the wakes of the remaining models were approxi- 
mately equal to  those obtained on the ramp without any models installed on the plate 
surf ace. 
(7) The decrease in heating for increasing distance along the protuberance models 
was in agreement with resul ts  obtained from previous investigations. There were no 
noticeable effects on the model heating ra tes  as a result  of placing a 17' ramp down- 
stream of the model installation. 
Langley Research Center, 
National Aeronautics and Space Administration, 
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aThermocouples 180 to 187 located on stringers. 
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TABLE II. - INSTRUMENTATION LOCATIONS - Continued 
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TABLE 11. - INSTRUMENTATION LOCATIONS - Continued 
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TABLE 11. - INSTRUMENTATION LOCATIONS - Continued 
(i) Model 7 
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TABLE 11. - INSTRUMENTATION LOCATIONS - Concluded 
(k) Model 9 









































































































































TABLE UI.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND FOR 
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M = 2.49; T = 403' K; 
p = 155 994 N/m2 

























































































































































































(a) Configuration 1; P 1  














































































































































































































































































































































































































































































































































































h measured in J /ma-sec-%.  
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TABLE m.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND FOR 
PLATE WITH RAMP WITHOUT STRINGERS - Continued 
(a) Configuration 1; P1 - Concluded 
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a h measured in  J/m2-8ec-%. 
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PLATE WITH RAMP WITHOUT STRINGERS - Continued 
(b) Codiguration 2; P I  + R1 
M = 2.49; T, = 403' K; 

























































































































































































































































































M r 3.51; T = 391' K; 


























































































































































































M = 4.44; T = 319OK; 
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TABLE IU.- TABULAR LBTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND FOR 
PLATE WITH RAMP WITHOUT STRINGERS - Continued 
(b) Configuration 2; P i  + R1 - Concluded 
M = 2.49; T t  = 403' K; 



















































































































































































M = 3.51; Tt = 397O K; 


















































































































































































































































M = 4.44; T t  = 319' K; 























































































































TABLE m.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED 
FOR PLATE AND FOR PLATE WITH RAMP WITHOUT STRINGERS - Continued 
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M = 3.51; T = 395' K; 
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TABLE Ill.- TABULAR LISTING O F  HEAT-TRANSFER MEASUREMENTS OBTAINED FOR 
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(d) Configuration 4; P1 + R 1  + M3 
M = 2.49; T = 399' K; 
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a h m e a s u r e d l n  J/m2-sec-%. 
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TABLE m.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR 
PLATE AND FOR PLATE WITH RAMP WITHOUT STRLNGERS - Continued 
(d) ConIiguration 4; P 1  + R1 + M3 - Concluded 
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M = 3.51; Tt  = 396' K; 
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TABLE m.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR 
PLATE AM) FOR PLATE WITH RAMP WITHOUT STRINGERS - Contirmed 
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TABLE m.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR 
PLATE AND FOR PLATE WITH RAMP WITHOUT STRINGERS - Continued 









































M = 2.49; Tt  = 398' K 






























































M = 3.51; Tt = 396OK; 














































- 0 4  
-01 
- 9 1  
.95 











a h measured in  J/m2-sec-%. 
37 
I I I I I I I I I I I  I I II I II 1111I 111 I 111111 I I I 
TABLE III.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR 
PLATE AND FOR PLATE WITH RAMP WITHOUT STRINGERS - Concluded 
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TABLE W.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STRINGERS 
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- 8 8  
.91 
- 9 0  
.91 
.90 






- 8 9  
.88 
- 8 8  
- 8 6  








. 8 r  
.a7 
- 8 7  
~ 
(a) Codiguration 7; PZ 
p, = 257 309 N/m2 



























































































. 9622r  
.q603r 

















































































































































































i 9 . e  
1 q . e  
24.7 
25.7 









































































































































































































9 .8  
11.2 
1 1 . 4  
11.4 
10.4 
9 .8  





9 . 4  
8.8 
8.8 
8 . 2  
8 . 2  
9.6 




7 . 8  
.95 
-94  























- 8 8  
- 6 8  













- 9 7  
.r5 
- 7 2  
.6r 
-57 
. r i  
11.8 I -91  
11.6 I .90 
14.7 I .a9 
15 7 .90 
13.9 .97 
14.9 -91  
1r:a I 1-01 













































TABLE N.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STFUNGERS - Continued 













































M = 2.49; Tt = 399OK; 




























































































































































M = 3.51; Tt = 398' K; 



























































































- 1  
.1 
































































M = 4.44; Tt = 3?g0 K; 

















































































a h measured 
40 
in J/ m2- 8ec- % . 
TABLE IV.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 





























































































































































. 97249  
- 9 7 4 3 2  
.97269 
-97045 
























































M = 2.49; Tt = 402' K; 
























































































































4 5 . 4  .  
44.5 
43.9 





















54 .7  
55.6 
51.3 
0 .4  


























































































1 - 2 4  






























- 5 2  
.54 
(b) Configuration 8; P2 + M1 






























































. 94169  
.95921 




























































































































25 5 1-07 
24:3 I 1.08 
21 .9  I 1.32 
29.4 I .91 
35.3 1.08 
2;: I :E 
10.6 .59 







M = 4.44; T. = 318' K; 



























































- 9 4 8 1 7  
-94387 
-93578 






















































































































































































































- 9 ;  















































































a. h measuredin  J / m 2 - s e c  
41 
TABLE IV.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STRINGERS - Continued 













M = 2.49; Tt  = 402' K 








































M = 3.51; Tt = 398' K; 

























M = 4.44; Tt = 318' K 


































































6 8  
69 
7 0  
7 1  
72 
73 
7 4  
15 
76  
7 7  
78 
79 











































TABLE IV.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE ~~ 
WITH STRINGERS - Continued 































































































M = 2.49; T = 398' K; 



























































































































46 .8  












































4 6 . 8  







































1 - 4 7  
1.44 








1 -00  









































1 .Ot  















1 . l t  
I.IC 
1.11 


































. 96412  
- 9 6 4 1 2  















































































































































































24 .7  
24.9 











4 6 . 8  
36.2 


























































































1 . O B  
2-10 
1-54 














1 . 4 8  











1 . 4 9  






















































































. 9 4 9 9 6  
-93741 





- 9 4 8 6 4  
-94806  


























































































































































































1 4 . 9  

























































. 9 1  
.93 













- 9 6  
1.74 
- 9 4  
1.38 
1.04 







































































TABLE N.- TABULAR LISTING OF HEAT-TRANSFER MEASUReMENTS OBTAINED FOR PLATE 
WITH STRINGERS - Continued 
(c) Configuration 9; Pz + M2 reversed - Concluded 
M = 2.49; Tt = 398' K 





























































































































M = 3.51; Tt = 394O K; 

































13. '  
40: 
20.1 



















9 7 )  
.93 
1 - 1 3  
.5t 
.92 
. I S  
1.4C 
1.Lt 
M = 4.44; Tt = 379' K; 



























































































a h meaaured in J/m2-sec-%. 
44 




































6 9  
70 
7 1  
72 
73 
7 4  
7 5  
7 7  
78  
7 9  
80  












































































































































h measuredin  d 
. .. 
M = 2.49; Tt = 398' K; 
Pt = 155 461 N/m2 

























































































































































42 .3  
61.9 
52.1 




























































































1 .40  
1.16 
1.07 


























WITH STRINGERS - Continued 




































- 9 6 6 5 8  
.96630 


























































M = 3.51; Tt = 394OK; 
pt = 256 818 N/m2 





















































































































24 .1  
22.3 
22.3 
































































































. 4 9  
1.01 . 09  



























- 9 3  
.65 
1.43 























M = 4.44; Tt = 382' K; 





































































. 94449  
-95217 
-94881  



















. 9 l l l l  
-89738 
.E9503 
. v 5 i z a  

























































































































































































































- 8 5  
.a5  
.97 
. 91  
.9a 
.95 
- 9 1  
- 9 4  
- 9 2  
- 9 1  
- 8 3  
- 8 3  
.80 
- 8 0  
- 8 9  
.86 











- 7 8  
1.47 
1.29 
1 . 4 6  
1 . 4 2  
-91  
. 8 6  






























TABLE IV.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STRINGERS - Continued 






























M = 2.49; Tt  = 398' K; 








































M = 3.51; Tt = 394' K 












































M = 4.44; Tt = 382O K 



























i9 .e  
46 
TABLE N.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STRINGERS - Continued 









































6 8  
69 
70 
7 1  
72 
7 3  
74 
75 
7 6  




























I 1 0  












8 4  
8 8  
98  




























































































. m a 0 7  
.qa107 
-93859 
M = 2.49; Tt = 399' K; 
























































































































































































79 .7  
38.0 



































































1 .24  
1.22 




















































































- 9 4 8 4 1  
































- 9 4 0 4 8  
. w w o  








































330 .9  





















































































































































































































1 . 4 1  
1.42 






















1 .84  
1 - 3 8  



























. 94298  
. 9 4 1 8 1  
.93919 
. 97201  
.94151 
. 94961  
.95721 
.945*5 
. 9 0 3 2 3  
.96458 
.%I16 
- 9 4 2 1 1  
.94612 
.94473 
. 94173  
-97405 
- 9 4 6 3 4  
1.00000 
. 9 8 3 2 3  
-94239 




- 9 4 9 5 4  
. 9 3 4 8 8  
. 9 4 2 5 5  
. 9 4 1 0 8  
.%I38  
. 9 3 8 8 9  
































. 93a30  
.9367a 
. 9 3 a i i  


























































313 .1  
313 .6  
3 1 4 . 6  







314 .1  





























































































































































1 .40  
1.03 
.99 














1 . 4 9  
1.03 
- 9 1  
1.21 
1.15 


























































TABLE N.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STRINGERS - Continued 























M = 2.49; Tt  = 399' K; 





































87 . ;  






































M = 3.51; Tt = 396OK; 






























2 6 -  
21. 
24. 













































M = 4.44; Tt = 319' K; 


















































h measured in J /m2-sec-%.  
48 






























6 1  
62 
6 3  
6 4  
6 5  
66 
67  
6 0  
69 


















8 0  




































h m e  
TABLE IV.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STRINGERS - Continued 
(0 Configuration 12; P2 + Mg 































































































M = 2.49; Tt = 398' K ;  








































































































































4 8 . 4  

















49 .8  
25.5 
40.2 




























































































































M = 3.51; T, = 391OK; 



























































































































































































































































































































1 .22  
1.09 
-96 






















1.08 . 64 
- 9 7  
1 .42  
1.63 


























- 9 0  
1-02 
~ 
























. 94891  
-94048  
-94730 

































. 93970  
-93649 



















































































































































































































































- 0 4  
-99  
.91  
- 0 9  
.02 
. 9 0  
- 9 9  
.OO 
- 9 9  
.15 
.02 









- 9 3  
.26 






- 0 2  
- 0 0  
-93 









- 9 9  




























































TABLE IV.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STRINGERS - Continued 
(9 Configuration 12; P2 + Mg - Concluded 
M = 2.49; Tt  = 398' K; 









































































































M= 3.51; Tt = 391' K; 
















































































M = 4.44; Tt  = 377O K; 












































a h measuredin  J/m2-sec-%. 
50 
I 
TABLE N.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAImD FOR PLATE 























































6 1  
62 
63 
6 4  
6 5  
66 
67 
































a h me 































































































M = 2.49; T = 400' K; 























































































































































































































































































(9) Configuration 13; P2 + M6 
M = 3.51; T, = 399' K; 






























- 9 4 1 5 0  
.94195 





























































































































































































































































- 9 6  
.98 













































- 9 7  
1-00 
- 9 7  
- 9 7  










1 - 0 1  
- 8 8  
.91 
- 9 6  
.9t  
.91 
.95 . 91 
.95 
.96 . 96 
.95 
.98 











1.01 . 95 
-96 
~ 




















































. 94223  
.94154 
.94023 




. 94265  












































































































































































1 4 . 5  
14.1 


















































































































- 8 8  
-81 
-95 
- 9 8  
- 9 0  





































































TABLE N.- TABULAR LISTLNG OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STRINGERS - Continued 











































. 9 6 i n  
M = 2.49; Tt = 400' K; 
















































































68 .2  
59.5 



















































































M = 3.51; Tt = 399' K 
























































21 .  
19-  




20 .  
































- 9  
1 .1  
.9 






. 9  
1 .o 
1 .0  
1 .0  
. 9  
. 9  
. 9  
. 9  
1 . 0  
1 .0  
1.0 
.9 
1 .0  
- 
~ 













































M = 4.44; T~ = 3 m 0  K; 





































































































- 5  
.5 









1 .2  
- 9  
1.0 
1.0 












































7 0  
19 
















































































































































M = 2.49; T = 391' K; 

































































































































































55 .6  






































- 5 1  
.Ok 















































1 - 4 0  
1.41 
- 5 9  

























WITH STRLNGERS - Continued 
(h) Configuration 14; P2 + MI 

















































































































































































































28 .2  
2 8 . 2  
40.2 
30.0 
55 .6  
36.4 
21 .0  







































































































- 7 4  













2 . 0 2  
1.30 
- 4 4  
1 - 1 4  
1 . 4 5  
1-43 




- 0 4  
1 - 1 4  













































- 9 4 0 1 0  
.95210 
.95110 








































































































































































































1 9 . 4  
26.6 






































-9 '  
-9' 
1.01 









. E ,  
.8' 




.E '  
1.61 
.a '  
.E '  
. E l  
1.61 
. a ,  
1.1' 






































































TABLE N.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STRINGERS - Continued 












M = 2.49; Tt = 397' K; 



































M = 3.51; Tt = 395' K; 






















































a h measuredln J/m2-sec-%. 
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Y 
TABLE W.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 



















5 7  
58 








6 8  
69 
71 
r o  
7 2  
73 
7 4  
7 5  
r r  
7 8  
7 9  
8 0  





8 9  





9 9  
100 
102 























































































































. 96229  
-95593 
- 9 5 5 5 6  
-96377 
. v i r 1 6  
.959r6  
. w q r 6  
-94779  
- 9 4 7 2 9  
-94757  
-94339 
M = 2.49; T = 398' K; 

















































































































45 .6  
46.0 
48.6 






















4 5 . 8  
49 .4  
44.5 
42 .9  
4 5 . 1  
4 5 . 6  







































































































- 9 8  
1.01 
1.04 








ConIiguration 15; P2 + Mg 


























































. 95769  
- 9 5 9 9 8  
-95754 


























- 9 6 5 7 5  
. 9 5 r i o  
. 9 5 r i o  
.946ir 
.95or6 



























































































































2 4 . 9  
25.3 
25.1 



























2 0 . 0  
20.4 































h - h(c 
1.03 
1-00 






























- 9 6  
1.02 
- 9 9  
1.03 
- 9 9  
1-00 
1-01 











. 99  
1.02 





1 - 2 2  
- 9 9  
1 . 2 2  
1 . 0 4  
1.02 
.99 









M = 4.44;  T = 384' K; 




































































































8 . 0  







































12 .1  
8.4 




8 .8  













1 4 . 9  
1O.C 






9 .4  









































- 7 8  
.r3 




- 7 4  
.92 
-83 
- 8 9  
. 7 5  
-84 









- 6 1  
.or 
- 7 9  
. r r  
. a 4  
. r 8  
- 8 1  
- 9 2  
. 88  






. r 6  
. r o  
.r6 
. re  
.88 







a h measuredin  J/m2-sec-%. 
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c 
TABLE N.- TABULAR LJSTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 































































































































































6 1  
























































































































































































































































































































1 - O i  

























































































































































































M = 3.51; T = 396O IC; 



























































































































































































T 7  








































































. . 00 











.03 - 07 
.13 
-99 


































































































M = 4.44; T = 3 m 0  K; 






































































































































































































































TABLE W.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE 
WITH STRINGERS - Concluded 












































M = 2.49; Tt = 399O K; 


















































































M = 4.44; Tt = 382O IC; 






























































































































8 . 8  
8.0 














































. l f  







a h m e m r e d h  J/m2-sec-%. 
57 
TABLE V.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND 
RAMP WITH STRINGERS 
































.6 '  
.11 
.7( 










































- 8 4  
- 8 4  





































2 4  
25 
26 












4 0  
41 
42  














































































































































M = 2.49; T = 395' K; 
















































































































































































































































































































































































M = 3.51; T = 396O K; 





































































































































































































- 8 '  
-91 
- 8  
- 8 -  
. 8 '  
.8' 








-8 '  
-81 









. 1 5  
.7f 
.7f 
. 1 5  
.lf 
































- 8 6  
- 8 1  
.82 
.86 
- 8 6  
.84 
- 8 4  
.80 
- 8 4  
-84  
.83 
. 80  
- 8 2  
.81 - 84 
- 8 8  
-83  
-80  
.82 . 76  























































































































































































































































































h measuredin  J/m2-8ec-%. 
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J 
TABLE V.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND 
FlAMP WITH STRINGERS - Continued 




9 1  
98  


















































































































































M = 2.49; T t  = 395OK: 
pt = 154 414 N/m2 
Tw, 













































































45. .  







































































































- 8 9  
-90  
- 8 1  
.90 
- 9 5  
.96 







- 9 4  
-90 
.91 
- 9 2  
.a9 
- 9 2  

























































































































322 .8  
321.5 
318.9 
















































































61 .9  














8 5 . 4  
54 .1  
58.6 
17 .8  
54.1 














.74 . l? 
.11 
.l? 




. 1 2  
.64 
. l t  
-73 
.74 









. l e  
- 8 3  
-06  
- 8 1  
.86 
.86 
















- 8 4  
. 8 8  
.86 
-89  














































































. s z l o e  
- 






































































































1 4 . 3  




1 0 . 4  
1 5 . 5  




















5 5 . 6  







2 4 . 5  
33.3 











9 . e  
7.e 
. .  -
.7 
-6  









. 7  
-6 
.6 
. 7  































.7 '  
.8 
.a 
- 8  






a h measuredin J/m2-.sec-%. 
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M = 2.49; Tt = 397' K; 



























































































































































































RAMP WITH STFUNGERS - Continued 






























































































































































































M = 3.51; Tt = 396' K; 





































































































































2 4 . 3  












































































































































- 8 9  


































































































M = 4.44; Tt = 318OK; 































































































































































































































1 - 1 1  
-1' 






































































































TABLE V.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND 
RAMP WITH STRINGERS - Continued 














































. 95143  
-95261 
-95379 
M = 2.49; Tt = 391' K 











































316 .4  
316.6 
310 .4  

























95 .2  
142.2 
128.7 
















33 .3  
















- 8 9  





















































- 9 1 3 0 4  
-92159 
. 93704  
-91064 
.92036 
. 94058  
-95270 
- 9 4 5 0 6  
.94028 
M = 4.44; Tt = 378' K 






































3 0 7 . 0  
310.9 
303.0 
307 .2  
311.2 
312.2 





























40 .4  
91.7 
99 .7  
56.6 




4 4 . 5  
35.7 
19.2 
50 .4  
33.1 
14.9 
13 .9  
14.1 










































































305 .2  
305.2 





304 .6  
305.6 
311.2 






313 .7  
314 .3  
313.2 
319.8 
a h meamredin J/m'-sec-%. 
61 
TABLE V.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND 































6 0  
61 
6 2  




6 7  
68 
6 9  
71 
12  
1 3  
74 
7 5  
76  
7 7  




















































. 9 i r 9 i  





















































































M = 2.49; T = 402' K 






























330 .6  






329 .1  














































































































52 .9  






















51 .1  
49.0 
50.5 




























- 6 7  
-31 
- 1 6  
- 0 3  
- 1 5  
.60 
-61  - 60 
-61  







































































Configuration 19; Pz +. Q + M2 






































































































































































































































25 .7  
36.0 





2 4 . 5  
2 4 . 7  
23.9 
30.4 








1 c . o  
21.9 
25.5 











22 .3  




22 .3  
23.9 
29.8 
23 .7  
23.7 















- 7 :  
.34 
















1 .00  





1 -01  
.97 




1 .10  
.95  














1 .13  
1.21 
1 - 4 4  
1.34 




- 4 4  














- 9 4  
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TABLE V.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND 
RAMP WITH STRINGERS - Continued 
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a h measured in J/m2-eec-%. 
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TABLE V.- TABULAR LISTING OF EEAT-TRANSFER MEAsuRFMENl'S OBTAINED FOR PLATE AND 
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M = 2.49; T = 395' K; 
p. = 155 659 N/m2 
RAMP WTH STRINGERS - Continued 
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TABLE V.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND 
RAMP WITH STIUNGERS - Continued 
(d) Coniiguration 20; P 2  + R2 + M2 reversed - Concluded 
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M = 3.51; Tt = 397' K; 




























































































































































































.a0 . 04 
-73 
- 0 1  
- 0 3  
.a1 
- 0 4  
.95 
.93 
- 0 0  
- 0 1  
- 7 6  
1 - 0 9  
1 . 4 3  
- 0 5  
1.05 
. l a  
___ 
M = 4.44; Tt = 380° K; 














































































































































- 7 1  
.a3 







a h meaaured in J /mP-see-%.  
65  

























































































6 1  
6 2  
63  
64  





7 0  
7 1  
7 2  
7 3  
74 
7 5  
77 
7 8  
79  


















































RAMP WITH STRINGERS - Continued 
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TABLE V.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND 
RAMP WITH STRINGERS - Continued 
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TABLE V.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND 
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TABLE V.- TABULAR LISTING OF HEAT-TFIANSFER MEASUREMENTS OBTAINED FOR PLATE AND 
RAMP WITH STRINGERS - Continued 
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TABLE V.- TABULAR LISTING OF HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND 
RAMP WITH STRINGERS - Continued 
(g) Configuration 23; P2 + Q + Ms 
M = 2.49; Tt = 399' K; M = 4.44; Tt = 382' K; M = 3.51; Tt = 397' K; 
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TABLE V.- TABULAR LISTING O F  HEAT-TRANSFER MEASUREMENTS OBTAINED FOR PLATE AND 
RAMP WITH STRINGERS - Concluded 
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-II 
L-M-~~~II Figure 2.- Dimensions of and instrumentation locations on flat plate. Dimensions are in inches (meters). 
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Figure 3.- Dimensions of and instrumentation locations on ramp. Dimensions are in inches (meters). L- 64- 2598 
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Figure 4.- General protuberance shape. 
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Figure 5.- Concluded. 
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(c) Model 2 reversed. 
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(d) Model 3. 
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Figure 6.- Continued. 
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(f) Model 4 reversed. 






(g) Model 5. 
Figure 6.- Continued. 
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(h) Model 6. 
Figure 6.- Continued. 
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Figure 6.- Continued. 
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Figure 6.- Continued. 
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View A-A 
(k) Model 9. 
Figure 6.- Continued. 
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Figure 7.- Effect of Mach number on flat-plate heating distribution. Configuration 1. 
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M o d e l  4 r e v e r s e d  
(a) M = 2.49. 
Figure 9.- Spatial plots of effect of model geometry on flat-plate heating distribution. (Values presented are ratios of heating rates obtained on 
plate with model attached to those obtained on clean plate.) 
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(c) M = 4.44. 
Figure 9.- Concluded. 
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(c) M = 4.44. 
Figure 10.- Effect of model geometry on  flat-plate heating distribution in model wake. 0 < x 5 27 in. (0.686 ml  and y = 0 in. 
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Figure 11.- Effed of model scale on flat-plate heating distribution i n  model wake. 0 < x 5 27 in. (0.686 m) and y = 0 in. 
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(c) M = 4.44. 
Figure 12.- Effect of ramp on flat-plate heating distribution. 0 < x 2 27 in. (0.686 m) and y = 0 in. (Heating rates for ramp are divided by 
average value of heating rates for configuration 7.) 
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Figure 16.- Correlation of ramp heating distribution. 
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Figure 17.- Spatial plots of model heating distribution. M = 2.49. 
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(c) Model 3. 
Figure 19.- Effect of ramp on model heating distribution. 
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